Carboxypeptidase and protease activities of hormone-treated barley (Hordeum vulgare cv Himalaya) aleurone layers were investigated using the substrates N-carbobenzoxy-Ala-Phe and hemoglobin. A differential effect of gibberellic acid (GA3) on these activities was observed. The carboxypeptidase activity develops in the aleurone layers during imbibition without the addition of hormone, while the release of this enzyme to the incubation medium is enhanced by GA3. In contrast, GA3 is required for both the production of protease activity in the aleurone layer and its secretion. The time course for development of protease activity in response to GA3 is similar to that observed for a-amylase. Treating aleurone layers with both GA3 and abscisic acid prevents all the GA3 effects described above. Carboxypeptidase activity is maximal between pH 5 and 6, and is inhibited by diisopropylfluorophosphate and p-hydroxymercuribenzoate. We have observed three protease activities against hemoglobin which differ in charge but are all 37 kilodaltons in size on sodium dodecyl sulfate polyacrylamide gels. The activity of the proteases can be inhibited by sulfhydryl protease inhibitors, such as bromate and leupeptin, yet is enhanced by 2-fold with 2-mercaptoethanol. In addition, these enzymes appear to be active against the wheat and barley storage proteins, gliadin and hordein, respectively. On the basis of these characteristics and the time course of GA3 response, it is concluded that the proteases represent the GA3-induced, de novo synthesized proteases that are mainly responsible for the degradation of endosperm storage proteins.
Barley aleurone layers provide an excellent tissue for the study of biochemical mechanisms underlying hormonal regulation of gene expression. The hormone, GA3, is known to induce the synthesis of several secretory hydrolytic enzymes, including aamylase and protease (8, 24) . Although a-amylase has been studied extensively, relatively little information is available concerning the GA3-responsive protease activity. A proteolytic enzyme is synthesized de novo in the presence of GA3 with a dose response curve and time course of induction similar to those of a-amylase (9) . It was shown to hydrolyze the wheat storage protein gliadin and was released into the starchy endosperm.
Many other proteases and peptidases have been described in the germinating barley grain (17) , although regulation of appearance ofthese activities has not been investigated. Protease (aleurone layer and starchy endosperm) of ungerminated barley grains (20) . Little is known about the characteristics of this enzyme activity, but it may be important early in germination by providing amino acids for the initial synthesis of other hydrolases (4, 16) . Bromate, a protease inhibitor, reduces by 75% the de novo synthesis of a-amylase in the barley aleurone layer (15) . This inhibition of a-amylase appearance can be overcome by the addition of amino acids to the incubation medium (7) .
Five carboxypeptidases have been described in barley starchy endosperm during germination of the grain (18, 19) . These enzymes can be distinguished on the basis of mol wt, separation on DEAE-cellulose and substrate specificity using a variety of Z3-dipeptides. The involvement of GA3 in development of each of these enzymes has not been determined, however the GA3 response of protease activity against the substrate Z-Phe-Ala has been studied in barley half-seeds (23) . The increase of this protease activity during imbibition of the half-seeds occurs at the same rate in the presence and absence of GA3 although secretion of this enzyme is doubled in the presence of GA3.
In the present study, a differential effect of GA3 on the development of protease and carboxypeptidase activities has been observed. In addition, we have characterized the GA3-induced proteases, which has laid the foundation for the future molecular biology studies of this enzyme. (5) . The stock solution was shaken for 30 min and was used immediately. After preincubation, the enzyme-DFP solution was passed through a PD-10, Sephadex G-25 column (Pharmacia Fine Chemicals, Piscataway, NJ) to remove the cysteine. Activity was assayed and compared to a control enzyme extract which also had been passed through a PD-10 column.
MATERIALS AND METHODS

Plant
Response of the proteases to pH was determined using Na succinate buffer from pH 3.6 to 6.6 and Na Hepes from pH 6.6 to 8.6. a-Amylase was assayed as described by Varner and Mense (25) , except that the starch solution was in 50 mm Na succinate buffer.
Gel Filtration Chromatography. A 2.5 x 60 cm column of Sephadex G-75 (Pharmacia) was packed and equilibrated as recommended by the manufacturer, and 20 mm Na succinate buffer, pH 5.0, was used as the eluent. All experiments were carried out in a cold room at 4°C. The column was calibrated with myoglobin (17 kD), ovalbumin (44 kD), BSA (67 kD), and -y-globulin (158 kD).
Gel Electrophoresis. SDS polyacrylamide gels were polymerized and run as described by Laemmli (12) . Nondenaturing (native) gels were prepared using the same method with the omission of SDS. For substrate-containing gels, hemoglobin was added to the gel solution prior to polymerization to a final concentration of 0.02% (w/v). For detecting protein bands, gels were stained in 0.025% Coomassie blue R/25% isopropanol/ 10% acetic acid (v/v). They were destained in 10% acetic acid/ 10% ethanol (v/v). Where indicated, gels were silver-stained after Coomassie blue according to the directions accompanying the Bio-Rad silver stain kit (Bio-Rad Laboratories, Richmond, CA).
For detecting protease activity, the hemoglobin native gels were incubated in 20 mm Na succinate, pH 4.0, for 1 to 2 h to allow for hemoglobin hydrolysis prior to staining with Coomassie blue as described above. When the active bands were cut from these hemoglobin-native gels and run on SDS gels, the slices were incubated in 2x SDS sample buffer (12) for 15 to 30 min prior to loading. Samples for the hemoglobin hydrolysis experiment were prepared for loading onto gels by mixing aliquots of the reaction mixtures with equal volumes of 2x SDS sample buffer ( 12) .
Gels containing radiolabeled proteins were prepared for fluorography (1, 13) using Enhance (New England Nuclear, Boston) according to the manufaturer's instuctions. After the gels were dried, they were exposed to Kodak XRP-5 film (Eastman Kodak, Rochester, NY) at -70°C.
Mol wt were determined from a standard curve established with proteins in the Bio-Rad low mol wt kit. These included phosphorylase B (92.5 kD), BSA (66.2 kD), ovalbumin (45 kD), carbonic anhydrase (31 kD), soybean trypsin inhibitor (21.5 kD), and lysozyme (14.4 
kD).
RESULTS Protease activity secreted from barley aleurone layers during 48 h of 1 ,M GA3 treatment was assayed against several substrates at pH 4 (Table I ). Carboxypeptidase activity was highest against the Z-dipeptide, Z-Ala-Phe. Activities against Z-Phe-Ala and ZGlu-Tyr were 27 and 9%, respectively, of the activity observed for Z-Ala-Phe. Z-Phe-Phe has been suggested as a barley carboxypeptidase substrate ( 18); however, it was not used here because no commercial source was found. No activity was found using Z-Phe-Ala-amide or Z-Ala-Phe-amide at either pH 4 or 6, suggesting Z-Ala-Phe and Z-Phe-Ala were hydrolyzed only by exopeptidases. Protease activity was assayed against hemoglobin, and the wheat and barley storage proteins, gliadin and hordein. Hydrolysis of gliadin and hordein resulted in release of 41% and 39%, respectively, of the ninhydrin-positive compounds as in hemoglobin hydrolysis (Table I) . For all subsequent experiments, protease activity refers to hemoglobin hydrolysis while carboxypeptidase activity refers to Z-Ala-Phe hydrolysis.
The effect of pH on crude secreted extracts was examined using succinate and Hepes buffers (data not shown) High levels of carboxypeptidase activity using Z-Ala-Phe could be assayed from pH 4 to 7 with maximal activity at pH 5.6. Protease activity was highest against hemoglobin around pH 4, dropped to less than 20% at pH 5 and was not detectable above pH 7.
To further distinguish these two types of protease activities, we investigated their sensitivities to various inhibitors. The DFP was a very effective inhibitor of carboxypeptidase activity. Activity was reduced by almost 84% after 1 h of preincubation at pH Z-Glu-Tyr (I) 2.7 9 Z-Ala-Phe-NH2 (II)
1.0 0 Z-Phe-Ala-NH2 (II)
1.0 0 'Hemoglobin 100% = 3.61 jImol NH2 m1' h-'; Z-Ala-Phe (I) 100% = 4.34 .mol NH2 ml' h-'; (II) 100% = 11.73 gmol NH2 ml' h-'. 7 (Table II) . The PMSF was less effective as activity was inhibited by only 11%. Aprotinin, a serine protease inhibitor used frequently in animal systems, was ineffective against barley protease activity at both pH 4 and 7 (data not shown). Carboxypeptidase activity was also very sensitive to pHMB when the preincubation and assay were carried out at pH 4 (Table II) . Inhibition was greater than 85% at both 10 and 100 ,uM pHMB.
Protease activity was reduced to less than 10% of the control in the presence of bromate and leupeptin, both inhibitors of sulfhydryl proteases (Table II) . 2-Mercaptoethanol enhanced protease activity by 2-fold. Protease activity was less sensitive to pHMB than carboxypeptidase activity. Activity was not reduced greatly at 10 gM but dropped to 2% at 100 ,M.
Mol wt associated with these activities were determined by gel filtration chromatography on Sephadex G-75 (Fig. 1) The effect of GA3 on the intracellular and secreted protease activities was examined by incubating aleurone layers in 1 uM GA3 for up to 48 h. The development of protease activity in the aleurone layers in the presence of GA3 paralleled the increase of a-amylase activity (Fig. 2, A and C) . In addition, secreted protease and a-amylase activities began to appear between 8 and 12 h (Fig. 2, B and C) . In the absence of GA3 very little protease or a-amylase activities were detected in either the aleurone layers or the incubation medium. In contrast, a significant amount of carboxypeptidase activity was present in the aleurone layers prior to GA3 addition ( Fig. 2A) . This activity probably developed during imbibition of the half-seeds, as activity was not detected in aleurone layers from the mature, dry grain. Levels of carboxypeptidase activity remained high in both (-)GA3 and (+)GA3 treated layers, yet a 2-to 3-fold enhancement was observed in the (+)GA3 tissue. The secretion of carboxypeptidase from the aleurone layers required GA3; no carboxypeptidase activity was observed in (-)GA3 incubation medium.
The effect of ABA on the GA3-regulated develoment of protease activities was investigated by incubating aleurone layers in 1 gM GA3 and/or 0.1 mM ABA for 24 h (Table III ). In the absence of GA3, in (+)ABA and (-)ABA treatments, carboxypeptidase activity was detected in the aleurone layer but was not released into the incubation medium. Protease activity was not detected. As was observed in the GA3 time course experiment described above, in the presence of GA3 carboxypeptidase activity was enhanced 2-to 3-fold and was released from the aleurone layer. In addition, protease activity was observed in the aleurone layer and incubation medium. When ABA and GA3 were added To determine whether the protease had endopeptidase activity, the products of hemoglobin hydrolysis were examined on 17.5% SDS polyacrylamide gels. The hemoglobinase activity peak fractions from the G-75 Sephadex column were used as the partially purified enzyme. These fractions were free of any detectable carboxypeptidase activity against Z-Ala-Phe and other Z-dipeptides listed in Table I . Hydrolysis was carried out in the presence and absence of the protease inhibitor, leupeptin, and samples were analyzed after 0, 1, 2, and 3 h of incubation (Fig. 3) . Both hemoglobin subunits as well as the contaminating proteins (-31 kD in size) were hydrolyzed by the protease activity in the absence of leupeptin. The resulting peptides were distributed between the hemoglobin bands and the bottom of the gel where the track dye bromophenol blue (mol wt 670) ran. This wide range of sizes of hydrolysis products is expected for endopeptidase activity. Therefore, the proteases described in this work are tentatively identified as endopeptidases.
The protease activity was further characterized using hemoglobin-native PAGE. Where hemoglobin hydrolysis had occurred, three clear areas were detected both in incubation media ( 4A) and in 48 h GA3-treated aleurone layer extracts. These bands did not occur when the gels were incubated in buffer containing 10 ,UM leupeptin. To determine whether these bands represented enzymes differing in charge and/or in size, secreted enzyme extracts were loaded on hemoglobin-native gels of several concentrations and the mobility of protease bands was plotted versus the concentrations of gels (Fig. 5) . As the slopes of the lines were the same, the enzymes were not differentially retarded by increasing the acrylamide concentration, indicating that they differed in charge rather than size (6) .
When the same sample as in Figure 4A was run on a native gel without hemoglobin and silver-stained for proteins, three protein bands were observed (Fig. 4B) corresponding to the protease activities bands. It was possible to determine the mol wt of these polypeptides by recovering them from the native gel and rerunning on a 10% SDS gel. As shown in Figure 4C , all three of these bands have a mol wt of 37 kD. These 37 kD peptides were labeled if the sample was prepared from the incubation medium of [35S]methionine labeled aleurone layers.
It was evident that these polypeptides comigrated with a GA3-induced, newly synthesized polypeptide present in both the aleurone layer and incubation medium (Fig. 4B, lanes 2 and 4) . It seems likely that these 37 kD polypeptides represent the protease activity that was previously shown to be GA3-induced, de novo synthesized and secreted from barley aleurone layers (9) . DISCUSSION This study reveals that the carboxypeptidase and protease activities of barley aleurone layers respond differently to GA3.
B
The protease activity develops only when the tissue is treated with GA3. In contrast, carboxypeptidase activity develops in the aleurone layer during imbibition but is released only when GA3 is present.
The protease activity is characterized by a low optimal pH, loss of activity in response to sulfhydryl-protease inhibitors, the ability to hydrolyze wheat and barley storage proteins, and a doubling of activity in the presence of 2-mercaptoethanol. The properties of this enzyme are similar to a protease described by Jacobsen and Varner (9), which is GA3-induced and de novo synthesized in barley aleurone layers. The primary function of this enzyme is probably the hydrolysis of stored protein reserves (21) . There is ample evidence that suggests acid sulfhydryl protease activities increase during germination in many plant species (16) . These enzymes generally have small mol wt and are presumed to be synthesized de novo. These characteristics are consistent with those of the barley protease studied here.
It is apparent from this study that three proteases are present which differ in charge but have the same molecular size. This heterogeneity could be either a consequence of multiple genes encoding different proteins, or the results of post-translational modifications of the same protein. Thus, charge heterogeneity may result from differences in primary amino acid sequence or in attached oligosaccharides, if the proteases are glycoproteins. As secretory proteins are generally glycosylated, and the aleurone proteases appear to be secreted enzymes, they are likely to be glycoproteins. Other hydrolases secreted from the barley aleurone layer have been found to have attached carbohydrates, such as a-amylase (22) and barley carboxypeptidase I (2). There is a slight discrepancy between the molecular size of the protease measured by SDS gel electrophoresis (37 kD) and gel filtration (28 kD). This is probably because gel filtration is more sensitive to molecular shape.
The carboxypeptidase activity observed here against Z-AlaPhe in crude extracts of enzymes released from barley aleurone layers probably represents several enzymes, all ofwhich are DFPsensitive. Mikola (18) and Mikola and Mikola (19) have described five carboxypeptidases in barley endosperm which are inhibited by DFP and pHMB. Three of these enzymes (I, II, and III) hydrolyze Z-Phe-Phe and Z-Phe-Ala. They have mol wt of 100, 110, and 43 kD. It appears that all three enzymes could be detected using Z-Ala-Phe as a substrate, although use of this substrate in barley has not been previously reported. Therefore, carboxypeptidase activities assayed in this study probably correspond to barley carboxypeptidases I and II which eluted at void volume on G-75 Sephadex, and III, which eluted at 40 kD. As neither peak was detected in the enzymes released from the aleurone layer in the absence of GA3, it is possible that these carboxypeptidases respond to GA3 in a similar manner. Further study using several Z-dipeptides (18, 19) and isolated enzymes is necessary in order to determine whether the 2-to 3-fold enhancement of activity against Z-Ala-Phe within the aleurone layer during GA3 treatment is a result of the contributions of all or selected carboxypeptidases.
The GA3 response of the carboxypeptidase (Ref. 23 and this work) is similar to that described for j3-1,3-glucanase (10) , where GA3 did not affect synthesis but was required for release of the enzyme. A 4 h lag between GA3 addition and secretion of,3-1,3-glucanase was observed, similar to the lag for carboxypeptidase activity. Carboxypeptidase presumably would be required for processing small peptides resulting from preexisting and newly developed protease activities early in germination (15) as well as later when the bulk of the storage protein is being mobilized (15, 20) . The time course of appearance of carboxypeptidase activity reported here is consistent with this role.
